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Abstract 

The effects of microwave power and sample quality on microwave drying kinetics and 

characteristics of zirconia were studied. It is found that by increasing the microwave power 

and decreasing the sample mass, the surface diffusion coefficient (Deff) appears to an upward 

tendency. The corresponding value Deff at a sample mass of 10, 20, 30, and 40g are 1.849E-

14, 2.443E-14, 3.210E-14, and 3.278E-14 m2/s, respectively. The corresponding value Deff  at 

a microwave power of 300, 400, 500, 600, and 700W are 1.270E-14, 1.784E-14, 2.619E-14, 

3.392E-14, and 4.497E-14 m2/s, respectively. Besides, the materials were characterised by X-

ray diffraction (XRD), scanning electron microscopy (SEM), Fourier transforms infrared 

spectroscopy (FT-IR) to evaluate the changes of materials before and after drying. The results 

show that microwave accelerates the drying of zirconia and increases its dispersibility. The 

heat conduction direction of microwave drying is the same as that of moisture diffusion, 

which avoids being affected by heat inertia and heat transfer loss. The drying process is fast 

and efficient, and the microwave directly penetrates the product, avoiding the disadvantage of 

slow evaporation caused by the temperature gradient. 

Keywords: zirconia; microwave drying; kinetics; surface diffusion 
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1. Introduction 

As an advanced ceramic material, zirconia has high hardness, high strength, good 

thermal shock resistance, and wear resistance. It develops rapidly in industrial production and 

daily life. It has broad market and application prospects in all fields of the world, such as 

dental materials, human skeleton, kitchen tools, battery materials, and optical fiber inserts. 

Zirconia has become an important material that promotes the development of the modern 

high-tech industry [1]. In the 1950s and 1960s, with the rise of fine ceramic industry research, 

the research and development of nano-zirconia powder entered a rapid development stage. In 

1956, Clabaugh W S et al. [2] prepared nano-ZrO2 powder with oxalate as precipitant, which 

made the research on the preparation of zirconia powder by liquid chemical method into a hot 

stage; In 1968 and 1974, Livage J, Katg G, Mitsuhashi T. et al. [3] studied and improved the 

preparation method of ZrO2 Powder by hydrothermal decomposition with soluble zirconium 

salt as the main raw material; In the late 1970s, the method of preparing ZrO2 powder with 

various organic raw materials appeared, which caused the upsurge of scientific researchers all 

over the world to further explore and improve the preparation method and process of zirconia 

powder, and found some new preparation methods to obtain ultra-pure and highly dispersed 

nano-ZrO2 powder. Nevertheless, this kind of method has little industrial value because of its 

complex process [4, 5]. The research and preparation of zirconia in China are relatively late 

compared with other countries. Although the research on zirconia has made great progress in 

recent years, it is difficult to fully realise the high-quality production of nano zirconia powder 

in industrial production. The performance of zirconia ceramics depends on high-quality 

zirconia powder. However, the cost of industrialisation is greatly increased by importing 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



nano-ZrO2 powder from abroad. Therefore, to reduce the industrial cost, improve the quality 

of nano-ZrO2 powder and grasp the industrial production model of producing high-quality 

nano-ZrO2 powder is a big problem and needs to explore and solve [6-8]. Nowadays, the wet 

chemical method is mainly used to prepare nano-ZrO2 powder in industry. To improve the 

quality of the nano-ZrO2 powder, another key problem to be solved is agglomeration in the 

drying process [9, 10]. The specific surface area and specific surface energy of nano-powder 

are relatively high. In the process of drying, because of the existence of solid-liquid interface 

and the surface tension of the liquid, it is easy to form aggregation between powder particles 

in the process of liquid volatilisation, resulting in the reduction of material properties, and 

eventually leading to large cracks in the sintered body. Therefore, the selection of an 

appropriate drying process is the key to solve the problem of ceramic powder agglomeration, 

to obtain well-dispersed nano-powder [11, 12]. The traditional electric furnace drying 

operation lasts a long time, has high energy consumption, low efficiency, and is easy to cause 

the agglomeration of powder and poor dispersion. Other drying methods, such as freeze-

drying, organic dispersant replacement drying, ultrasonic cavitation method, and other 

advanced drying methods, can achieve the purpose of preventing agglomeration. However, 

the control process of these drying processes is relatively complex, and the equipment 

investment is high when applied in industries [13, 14]. 

The quality of ZrO2 ceramic powder has a direct impact on the quality of sintered 

products, including its sintering activity, sintering temperature, and powder uniformity [15]. 

Therefore, a new industrial drying method is urgently needed, which can dry nano-ZrO2 

powder more quickly and efficiently. Simultaneously, the energy waste and environmental 
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pollution in the drying process should be reduced as much as possible [16, 17]. 

Thus, the frequency range of the microwave is between 0.3 GHz and 3000 GHz. In the 

early years, the use of microwave in the field of communication technology - microwave 

communication. With the continuous research and development of microwave technology, the 

microwave has been widely used in industry, medicine, and scientific research [18]. Before 

the application of microwave in the form of thermal effect appeared decades ago, the thermal 

effect has always been considered as a disadvantage of microwave energy loss. In the 1940s, 

it was found that the thermal effect produced by microwave can be used as a heating source 

for some special materials. Subsequently, the application of microwave sintering technology 

has been greatly promoted [19]. 

The traditional heating method is to heat by transferring energy. To make the whole 

material reach the target temperature, the heating time will be greatly extended, and most of 

the energy in the heating process will be lost in the environment. Besides, for materials with 

poor thermal conductivity, the traditional heating method will consume a long time and high 

energy consumption, which is not conducive to industrial application [20]. Compared with the 

existing traditional heating technology, microwave heating has many characteristics, such as 

selective heating, integral heating, fast and efficient, green and pollution-free [21-23]. 

Microwave heating mainly produces heat by coupling the material itself with the 

electromagnetic field. The microwave heating process is depending on the dielectric loss of 

each component of the sample itself. Thus, the technique can achieve the effect of selective 

heating [24, 25]. The microwave heating process is irrelevant with the shape of the material, 

microwave can penetrate the material evenly and produce heat by coupling with the 
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microwave through various parts of the material itself. Without the heat conduction process, 

the whole material can be heated quickly. Then the material properties can be improved, the 

internal stress caused by uneven heating can be reduced, and the cracks can be effectively 

avoided. Especially for the materials with poor thermal conductivity, the effect is more 

obvious. Microwave heating penetrates the material through microwave and makes the 

material itself coupled with microwave to generate heat, which reduces the process of heat 

radiation and heat conduction so that the material can reach the required temperature in a very 

short time, and the microwave will not be lost in the metal resonant cavity, which effectively 

reduces the energy loss, improves the energy utilisation rate, greatly shortens the heating time, 

and improves the heating efficiency. Microwave heating converts electric energy into 

electromagnetic energy to heat the material. In the heating process, there is little microwave 

leakage and no waste gas. Moreover, the heating speed is fast, the electric energy is saved, the 

energy utilisation rate is improved, and the problems of heat loss and environmental pollution 

in the traditional heating process are effectively avoided, and it is a clean heating method [26]. 

Idris et al. [27] studied the law of microwave drying silica mud. It is found that the 

microwave power can shorten the drying time and the same drying effect can be achieved. 

Zhu et al. [28] studied the effects of different coal particle sizes and different microwave 

power on the microwave drying characteristics of the Simon lignite (XL) thin layer. It is 

found that the drying rate of coal is accelerated under the conditions of large particle coal and 

high-power microwave drying, and the experimental results are consistent with the Midilli-

Kucuk model. Liu et al. [29] studied the micro pore structure and fractal of Simon lignite 

under microwave radiation. It is found that the specific surface area of XL treated by 
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microwave decreases to some extent, while the average pore size and total pore volume 

increase to some extent, which is similar to the evolution mechanism of pore structure during 

microwave drying. 

Microwave heating, a novel green metallurgical method, is widely applied in drying, 

grinding, roasting, reduction, leaching, and other fields in the metallurgical process. Li et al. 

[30] studied the process of microwave drying ilmenite and found that the microwave power 

significantly affected the drying rate of the materials. When the microwave power level 

increased, and the quality of the material was decreased, the corresponding value of drying 

rate constant (k) appeared upward tendency. Du et al. [31] combined with microwave heating 

technology, explored the microwave drying performance and kinetics of manganese ore and 

found that the diffusion approach model was in good agreement with the experiment data. 

However, further exerting the advantages of microwave heating is still facing greater 

challenges. Looking at the application advantages of microwave drying technology in mineral 

drying, microwave drying has shown a potential application for the drying process of 

materials in the metallurgical industry with its unique heating characteristics and drying 

mechanism. Microwave rapid drying production line is more and more widely used in the 

metallurgical industry. However, in the theoretical research of microwave drying, the change 

of dielectric properties of water-containing materials in the microwave drying process and the 

theoretical model of interaction between microwave and water-containing materials still need 

to be further studied to guide the selection of appropriate microwave drying process 

parameters [32, 33]. 

The microwave drying process used in this paper is a typical example of microwave 
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selective heating. Among all kinds of dielectric materials, the coupling performance of water 

and microwave is the best, and the material containing water will certainly absorb microwave 

energy [9, 34, 35]. In this experiment, the conventional hot air drying and microwave drying 

of Ce-ZrO2 powder were carried out. The effects of microwave power (300W, 400W, 500W, 

600W, and 700W) and sample mass (10, 20, 30, and 40g) on the microwave drying 

characteristics of Ce-ZrO2 powder and the specific consumption of the microwave drying 

process were investigated. Besides, the diffusion kinetics of water molecules in microwave 

drying of cerium stabilised zirconia was also studied [36-38]. The mechanism of microwave 

drying of cerium stabilised zirconia was further elucidated by estimating the effective 

diffusion coefficient of water and the activation energy in the diffusion process [39, 40]. The 

basic theoretical research on microwave drying of metallurgical and chemical raw materials 

was completed, and the guiding suggestions for industrialisation were put forward [41-43]. 

 

2. Materials and methods 

2.1. Material 

The zirconia used in this study was obtained from Qinghe County Dingshen metal 

materials Co., Ltd. in Beijing, China. The measured moisture content is 12.6% and used in the 

following experiments. The chemical composition of the as-received sample was provided by 

Kunming Metallugycal Research Institute in Kunming city of China, detailed as follows: 

92.53% ZrO2, 3.15% CeO2, 2.48% HfO2, 1.12% SiO2, 0.45% Al2O3, 0.11% Y2O3, 0.08% 

Cs2O and 0.07% Gd2O3. The detailed analysis results were shown in Table 1. The XRD and 

particle size analysis were analysed as presented in Fig. 1, indicating that the phase structure 
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of the material is m-ZrO2 (PDF#97-008-0048) and the median particle diameter (D50) is 3.02 

μm for the as-received sample, with the particle size between 0.471 and 8.32 μm.  

2.2. Experimental apparatus 

As shown in Fig. 2, the experiment used a microwave dryer (HM-X08-16). The 

microwave drying system consists of a microwave chamber, computer monitoring system, 

temperature control system, gas flowmeter, gas generator, and weight controller. Under the 

microwave frequency of 2.45GHz, the power can be automatically adjusted or manually 

controlled to meet the experimental requirements under different conditions. The two 

magnetrons in the microwave dryer can provide the maximum microwave power of 3 kW. 

Every 20 s interval is counted by the weight gauge, and the data is input by the computer 

control system. 

2.3. Procedure 

The experiments for the microwave zirconia drying were divided into two groups. One 

group is microwave drying of zirconia under different microwave power. Accurately 20g of 

zirconia raw material was placed into the crucible with a capacity of 100 ml, then placed into 

the microwave drying furnace, and the microwave power was adjusted to a value of 300, 400, 

500, 600, and 700 W to study its drying characteristics. The microwave power of another 

group was set at 500 W and the zirconia was microwave drying with a mass of 10, 20, 30, and 

40g. The mass change of zirconia during the drying process was measured by a weight 

detector every 30 s, then the data processing and analysis were performed. 

2.4. Characterization 

The raw materials were dried by hot air and microwave. The treated samples were 
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compared and characterised by XRD, SEM, and FT-IR. The changes in product structure and 

surface micro-morphology under hot air and microwave conditions are discussed. In this 

experiment, the German Bruker D8 advanced A25x model X-ray diffractometer was used for 

phase analysis of the samples. Under the conditions of 40 kV tube pressure and 20 mA tube 

flow, the Ka ray of the copper target (λ=0.154056 nm) was used as the target source, and the 

zirconia sample was scanned at a speed of 5 °C/min, and the samples were tested in the range 

of 10-100°. The samples were analysed with the US NICOLET-IS10 model Fourier Infrared 

Spectrometer, and the surface functional groups of fused zirconia were scanned and analysed 

in the spectral range of 4000 cm-1 to 500 cm-1. The microstructure of the product was analysed 

by the Dutch XL30ESEM-TM field emission scanning electron microscope. 

2.5. Drying kinetic calculation 

2.5.1. Moisture content 

The calculation formula of dry base moisture content is established: 

𝑀𝑡 =
𝑊𝑡 − 𝑊g

𝑊g
 (1) 

where Mt = dry-based moisture content, %; 𝑊𝑡= residual mass, g; 𝑊g= dry mass, g; 

2.5.2. Moisture ratio 

The calculation formula of water content is established: 

𝑀𝑅 =
𝑀𝑡 − 𝑀e

𝑀0 − 𝑀𝑒
 (2) 

where Me = equilibrium dry basis moisture content, %; Mo= initial dry basis moisture 

content, %; For the microwave drying process, since Me is ignorable compared to 𝑀0 

and 𝑀𝑡, the water ratio was simplified to 
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𝑀𝑅 =
𝑀𝑡

𝑀0
 (3) 

2.5.3. Drying rate 

The formula of drying rate was established: 

𝑅D =
𝑀𝑡 − 𝑀𝑡+∆𝑡

∆𝑡
 (4) 

where: RD= drying rate, g / (g · s); ∆t= interval time, s; 

2.5.4. Surface diffusion coefficient 

The calculation of surface diffusion coefficient can be expressed as: 

ln 𝑀𝑅 = ln
8

𝜋2
−

𝜋2𝐷𝑒𝑓𝑓

4𝐿2
𝑡 (5) 

𝑆𝑙𝑜𝑝𝑒 = −
𝜋2𝐷𝑒𝑓𝑓

4𝐿2
 (6) 

where 𝐷𝑒𝑓𝑓 = surface diffusion coefficient, m2/s; 𝐿 = volume equivalent radius, m. 

2.5.5. Microwave power density 

Microwave power density calculation formula can be established as, 

                            ln 𝑘 = ln 𝑘0 −
𝜌𝐸𝑚

𝑃
                             (7) 

where 𝑘, 𝑘0 = drying rate constant, s-1; 𝜌𝐸 = average power density, W/g. 

The plot ln 𝑘 between versus 𝑚 𝑃⁄  provides a slope, which the average power density 

can be obtained in the microwave drying process. 

2.5.6. Mathematical models of thin-layer drying 

To show the drying kinetics of zirconia, the thin-layer drying kinetic model was used as a 

mathematical fitting of the drying characteristic curve of zirconia. The thin-layer drying 

kinetics is a function expression of relative moisture content MR and drying time (t), which 

indirectly reflects the heat and mass transfer characteristics of materials in the drying process. 

Several common kinetic models of thin-layer drying are shown in Table 2. 
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2.5.7. Performance indicators of kinetics models 

The thin-layer drying mathematical model was verified using the leaner coefficient R2, 

residual sum of squares (RSS) and simplified chi-square test χ2, and the calculation equation 

of these parameters as presented in Table 3.  

3. Results and discussion 

3.1. Effect of microwave power 

Fig. 3 represents the microwave drying characteristics of zirconia at different microwave 

power (300, 400, 500, 600, and 700W). As presented in Fig. 3(a), with the increase of 

microwave power, the shorter the time to reach drying equilibrium and the required time were 

300, 410, 480, 600, 720 s, respectively. The results show that the maximum drying rate of 

zirconia was achieved from 4.28E-4 to 1.42E-3 s-1 with the increase of drying power. The 

reason is attributed to the effect of microwave density, the details of which are explained in 

the following study as presented in Fig. 7. Additionally, the process of zirconia drying goes 

through three stages, as shown in Fig. 3(b). In the pre-heating stage (82-100%), the 

temperature of zirconia began to increase and the moisture on the surface of zirconia is 

gradually removed, which the drying rate curve appears to an upward tendency in the ranges 

of temperature. The second stage is the constant-rate drying stage, which is mainly the 

removal of adsorbed free water, the residual moisture content drops rapidly, and the drying 

rate appears to be the maximum value. The third stage is the reduced-rate drying stage. Once 

all bound water is removed, deep drying will occur. 

3.2. Effect of mass 

Fig.4 illustrates the microwave drying curves of different sample masses. Results in Fig. 
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4 (a) indicating that the overall change trends of four groups of zirconia with different mass 

drying at the same microwave power of 500 W are the same. Meanwhile, the results indicate 

that the larger the mass is, the smaller the final residual moisture content is at the same drying 

time. From Fig. 4 (b), with the increase of zirconia mass, the maximum drying rate of zirconia 

decreased from 0.00829 to 0.0034s-1. This may be affected by the low microwave density and 

low vapour diffusion rate of the zirconia layer. Different temperature gradients also have a 

certain influence on the steam diffusion rate. When the temperature gradient shares the same 

direction with the steam diffusion, the mass transfer process will be strengthened, and the 

effect of strengthening the drying process should not be ignored. 

3.3. Drying kinetic 

Table 4 represented the modelling fitting results for zirconia microwave drying at 

different microwave power and the corresponding fitting parameters, R-squared, F, and AIC 

value. The partial fitting curves are presented in Fig. 5, indicating that the four models, 

namely the Modified page, Henderson and Pabis, Simplified Fick's Diffusion, and Wang and 

Singh model, have shown higher R-squared value and higher F value than the other models. 

Among them, the R-squared value of the Modified page, Henderson and Pabis, Simplified 

Fick's Diffusion, and Wang model are all approximately 0.98, and the Henderson and Pabis 

model has a peak of F-value (approximately > 3098). Therefore, the Henderson and Pabis 

model is the most suitable model for the microwave drying process of zirconia. 

Unfortunately, this mathematical model is hardly guaranteed to conform to the data with a 

high R2 value. Statistical interpretation of the analytical data must be more properly 

presented. The most important step in the model building sequence is to verify the conformity 
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of the model. The most suitable model verification is to be expected and will be further 

discussed below. 

3.4. Mathematical model verification 

Hence, the verification of the above four models was performed. The fitting residual 

corresponds to the absolute difference between the test value and the model predicted value. 

Therefore, if the distribution of residual data is random, the behavior indicates that the data fit 

well with the mathematical model. The probability distribution map and histogram can 

directly test whether the data conform to the normal distribution. The verification results of 

the four Henderson and Pabis, Simplified Fick's Diffusion, Modified Page, and Wang and 

Singh model were illustrated in Fig. 6. As is presented in Fig. 6, the residuals of Simplified 

Fick's Diffusion, Henderson and Pabis, and Wang and Singh model were close to a normal 

distribution, with the centre being zero. The Henderson and Pabis model appear to a more 

trend of high in the middle and two sides gradually decrease than other models; On the other 

hand, the normal probability plot indicating that the scatter plots of the four models appear to 

trend straightly, with a high R2 value (more than 0.9767). The Henderson and Pabis and 

Simplified Fick's Diffusion models have the highest R2 values (0.9975). Therefore, the 

Henderson and Pabis model can simulate the microwave drying of zirconia. 

3.5. Calculation of surface coefficient and microwave power density 

The surface diffusion coefficient and microwave power density reflect the dehydration 

capacity of the material under certain drying conditions and are also one of the critical 

parameters for the optimal design of drying equipment. Using the microwave drying data 

obtained made a linear fitting curve between lnMR and t, and the results show that lnMR has 
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a well linear relationship with time, as presented in Fig.7. The linear plot between lnMR 

against T provides the slope and intercept that is employed for the assessment of the surface 

diffusion coefficient.  

Fig. 8 shows that the surface diffusion coefficient (Deff) and drying rate constant (k) 

increase with the increase of microwave power and decrease with the increase of mass. The 

calculated Deff of zirconia with masses of 10, 20, 30, and 40 g are 1.849E-14, 2.443E-14, 

3.210E-14, and 3.278E-14 m2/s, respectively, and the drying rate constant (k) calculated by 

the Henderson and Pabis model were 0.00921, 0.00831, 0.00623 and 0.00505 s-1, 

respectively. When the mass decreased from 40 to 10 g, the surface diffusion coefficient is 

increased by nearly 1.77 times. The surface diffusion coefficients of zirconia calculated by 

microwave powers of 300, 400, 500, 600 and 700 W were 1.27043E-14, 1.7838E-14, 

2.61884E-14, 3.39214E-14, and 4.49686E-14 m2/s, respectively. The surface diffusion 

coefficient increased 3.54 times when the microwave power from 300 to 700 W. Hence, it is 

also proved that increasing the microwave power and decreasing the mass can significantly 

increase the microwave drying rate of zirconia-based on the Fick's second law analysis. As 

shown in Fig. 8(c), the average power density of 20 g zirconia under different microwave 

power is 33.26 W/g (R2=0.9837). 

3.6. Microstructure characterization 

Fig. 9 represents the FT-IR and SEM pattern of zirconia upon different treatments with 

conventional and microwave drying. In Fig. 9(a), the broad and strong peaks of the three FT-

IR patterns at around 3400 cm-1 are observed, which is caused by the existence of the O-H 

bond. The O-H bond bending vibration strength of the dried zirconia is weaker than the 
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undried zirconia due to water removal. However, the O-H bond strength in bending vibration 

is further weakened compared to conventional drying, indicating the escape of crystal water 

except for free water removal. On the other hand, the microstructure is significantly different 

from zirconia upon different treatment. As presented in Fig. 9(b), the crystal structure of the 

microstructure is not obvious enough and the gloss is relatively dull compared with the dried 

material (Fig. 9(c) and (d)), which could be attributed to the presence of water. In Fig. 9(c), 

larger agglomerations were formed upon conventional drying treatment, with a particle size of 

5-10 μm, while the reunion phenomenon is significantly reduced, with a particle size of 5-10 

μm, and the particles spread evenly in the field of view. From the analysis of the 

microstructure, the advantage of microwave drying over conventional drying is that the 

agglomeration of particles is reduced, the dispersibility becomes better and the crystal 

structure itself is not changed. This helps to optimize the physical properties of the finished 

zirconia product in the later stage. 

 

4. Conclusions 

This work aims to investigate and comprehensively evaluate the impact of different 

factors on the drying characteristics of zirconia subjected to microwave drying process. 

Microwave drying can drastically reduce the drying time and the average drying rate, thus 

increasing energy efficiency compared to the traditional drying. The designed experiments 

systematically reveal the drying characteristics of zirconia under microwave conditions and 

analysed in-depth verification by using thin-layer drying kinetic model. The results 

demonstrated that the Henderson and Pabis model could accurately describe the microwave 
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drying process and the drying rate constant (k) and surface diffusion coefficient (Deff) has a 

positive relationship with microwave power and has a negative relationship with mass. It is 

observed that microwave drying is an effective method for producing dried zirconia with 

satisfactory particle dispersion effect. These findings confirm that the drying method plays an 

essential role in improving or reducing the agglomeration of zirconia particles. The work 

proves the successful adoption of microwave heating for effective pre-treatment of zirconia. 
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Table captions 

Table 1 Chemical compositions of cerium stabilised zirconia (mass fraction, %). 

Table 2 Mathematical models of thin-layer drying used in this study. 

Table 3 Performance indicators of the mathematical models. 

Table 4 Fitting results for zirconia microwave drying at different microwave power. 
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Figure captions 

Fig.1. Characterization of as-received material, (a) XRD pattern; (b) particle size analysis.  

Fig.2. Schematic diagram of microwave drying furnace. 

Fig.3. Under different microwave power: (a) Drying rate curve of zirconia, (b) MR curve of 

zirconia. 

Fig.4. Under different sample mass: (a) Drying rate curve of zirconia, (b) MR curve of 

zirconia. 

Fig. 5. Fitting curves of different drying kinetic model and data under microwave drying 

conditions, (a) Simplified Fick's Diffusion; (b) Modified Page; (c) Henderson and Pabis; (d) 

Wang and Singh. 

Fig. 6. Residual histogram and normal probability plot of the kinetic model and data fitting. 

Fig. 7. Fitting curve of the model and experimental data, (a) Fitting curve under different 

mass; (b) Fitting curve under different power. 

Fig. 8. Deff calculation results under different conditions, (a) different mass; (b) different 

microwave power. 

Fig. 9. FT-IR and SEM characterization of zirconia, (a)FT-IR spectroscopy; (b) SEM pattern 

of raw material; (c) SEM pattern of zirconia after conventional drying; (d) SEM pattern of 

zirconia after microwave drying. 
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Table 1 Chemical compositions of cerium stabilised zirconia (mass fraction, %). 

ZrO2 CeO2 HfO2 SiO2 Al2O3 Y2O3 Cs2O Gd2O3 Co2O3 

92.53 3.15 2.48 1.12 0.45 0.11 0.08 0.07 0.01 
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Table 2 Several common kinetic models of thin-layer drying. 

No. Model Model equation 

1 Modified page 𝑀𝑅 = exp [−(𝑘𝑡)𝑛] 

2 Henderson and Pabis 𝑀𝑅 = 𝑎 exp (−𝑘𝑡) 

3 Logarithmic 𝑀𝑅 = 𝑎 exp(−𝑘𝑡) + 𝑐 

4 Simplified Fick's diffusion 𝑀𝑅 = exp [−𝑐(𝑡 𝐿2⁄ )] 

5 Midilli-Kucuk 𝑀𝑅 = 𝑎 exp[−𝑘(𝑡𝑛)] + 𝑏𝑡 

6 Two-term exponential 𝑀𝑅 = 𝑎 exp(−𝑘𝑡) + (1 − 𝑎)exp (−𝑘𝑎𝑡) 

7 Two-term 𝑀𝑅 = 𝑎 exp(−𝑘𝑡) + 𝑏 exp (−𝑘𝑡) 

8 Wang and Singh 1 + 𝑎𝑡 + 𝑏𝑡2 
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Table 3 Performance indicators of the mathematical models. 

Performance indicators Equations 

Coefficient of determination 
𝑹𝟐 =

∑(𝑀𝑅𝑒𝑥𝑝 − 𝑀𝑅̅̅̅̅̅
𝑒𝑥𝑝)(𝑀𝑅𝑝𝑟𝑒 − 𝑀𝑅̅̅̅̅̅

𝑝𝑟𝑒)

√∑(𝑀𝑅𝑒𝑥𝑝 − 𝑀𝑅̅̅̅̅̅
𝑒𝑥𝑝)2 ∑(𝑀𝑅𝑝𝑟𝑒 − 𝑀𝑅̅̅̅̅̅

𝑝𝑟𝑒)2

 

Reduced chi-square 𝝌𝟐 =
∑ (𝑀𝑅𝑒𝑥𝑝 − 𝑀𝑅𝑝𝑟𝑒)2𝑁

𝑖=1

𝑁 − 𝑛
 

Root-Sum-Squares 𝑹𝑺𝑺 = ∑(𝑀𝑅𝑒𝑥𝑝 − 𝑀𝑅𝑝𝑟𝑒)2

𝑁

𝑖=1

 

F - value 𝑭 =
𝑀𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑀𝑆𝑒𝑟𝑟𝑜𝑟
 

Akaike information criterion 𝑨𝑰𝑪 = −2 ln(𝐿) + 2 𝑘 
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Table 4 Fitting results for zirconia microwave drying at different microwave power. 

model params 

P (W) 

300 400 500 600 700 

Modified page 

R2 0.9905 0.9891 0.9810 0.9919 0.9859 

F 3295.3199 3334.3367 3098.1598 32392.9989 3545.8630 

Henderson and 

Pabis 

R2 0.9968 0.9951 0.9877 0.9926 0.9899 

F 1565.8378 2217.0893 1259.9763 21472.1253 18763.2569 

Simplified Fick's 

Diffusion 

R2 0.9894 0.9912 0.9827 0.9915 0.9928 

F 985.8983 1395.9451 793.3195 673.3195 2636.8968 

Wang and Singh 

R2 0.9975 0.9787 0.9758 0.9552 0.9241 

F 153.5952 530.8566 1432.5448 21546.7727 3495.5946 

Logarithmic R2 -0.11412 -0.51456 -0.87882 0.07436 -2.61295 

Midilli-Kucuk R2 0.06432 0.13362 0.28875 -0.16627 0.10974 

Two-term 

exponential 

R2 -0.1129 -0.5145 -0.8748 0.9987 0.9945 

Two-term R2 -0.11765 -0.11765 -0.11765 -0.11765 -0.11765 
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Fig.1. Characterization of as-received material, (a) XRD pattern; (b) particle size analysis. 
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Fig.2. Schematic diagram of microwave drying furnace. 
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Fig.3. Under different microwave power: (a) Drying rate curve of zirconia, (b) MR curve of 

zirconia. 
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Fig.4. Under different sample mass: (a) Drying rate curve of zirconia, (b) MR curve of 

zirconia. 
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Fig. 5. Fitting curves of different drying kinetic models and data under microwave drying 

conditions, (a) Henderson and Pabis; (b) Simplified Fick's Diffusion; (c) Modified Page; (d) 

Wang and Singh. 
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Fig. 6. Residual histogram and normal probability plot of the kinetic model and data fitting. 
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Fig. 7. The fitting curve of the model and experimental data, (a) Fitting curve under different 

power; (b) Fitting curve under the different mass. 
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Fig. 8. Deff calculation results under different conditions, (a) different mass; (b) different 

microwave power; (c) the average power density. 
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Fig. 9. FT-IR and SEM characterization of zirconia, (a)FT-IR spectroscopy; (b) SEM pattern 

of raw material; (c) SEM pattern of zirconia after conventional drying; (d) SEM pattern of 

zirconia after microwave drying. 
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